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ABSTRACT

We investigate the expected uncertainties involved when recovering galaxy cluster mass profiles from upcoming spectroscopic survey
data, based on The Three Hundred Project. Using the caustic technique, which leverages galaxy positions and line-of-sight veloci-
ties, we assessed the systematic errors introduced by assumptions regarding velocity anisotropy and demonstrated how an iterative
correction method can minimize these errors. We also assessed the impact of survey magnitude limits on cluster mass estimates,
highlighting potential biases across different observational strategies We focused the analysis on our own CATARSIS survey, which is
set to obtain redshift measurements for all galaxies with magnitudes of m,p, < 22 within 2XR,g for 16 galaxy clusters with redshifts
of 0.14 < z < 0.27. We used the future 8 arcmin? field-of-view TARSIS integral-field spectrograph of the Calar Alto 3.5-m telescope.
These data will enable us to mitigate systematic errors in the determination of density profiles. CATARSIS is aimed at enhancing
the precision of mass profile estimates by deepening our understanding of the dynamical states and physical characteristics of galaxy

clusters.
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1. Introduction

The observational determination of the masses of galaxy clus-
ters is of central importance to our understanding of the growth
of structure in the Universe and the use of clusters as cosmo-
logical probes. Measuring the distribution of mass within galaxy
clusters (i.e., the mass profiles) not only enables us to elucidate
the nature of dark matter (i.e.. warm vs. cold particles; Blumen-
thal et al. 1984), but also to distinguish among possible alterna-
tives to the existence of this component, as in the case of modi-
fied gravity theories (see, e.g., Milgrom 2002; McGaugh 2015).
The determination of mass profiles in clusters is also an essen-
tial reference point for studies of astrophysical processes shaping
the properties of the baryons in clusters, within the intracluster
medium (ICM) and its member galaxies.

Galaxy cluster masses can be derived using a variety of ob-
servational techniques. Each approach has specific assumptions
and systematic limitations. Techniques based on dynamical equi-
librium, such as X-ray surveys, Sunyaev-Zel’dovich (SZ) de-
terminations (Sarazin 1988), and Jeans analyses (The & White
1986; Merritt 1987; Binney & Tremaine 2008; L.okas & Mamon
2003; Lokas et al. 2006; Mamon & Boué 2010), can become
unreliable even within R0 when probing the outskirts of clus-
ter. This is where the assumption of equilibrium starts to break
down and clusters continue to accrete galaxies and dark mat-

ter (Ludlow et al. 2012; Bakels et al. 2021). In contrast, weak
gravitational lensing (Bartelmann 2010; Umetsu et al. 2020) and
the caustic technique (Diaferio & Geller 1997; Diaferio 1999;
Serra et al. 2010) provide reliable mass estimates at large radii
without requiring equilibrium assumptions. In addition, several
techniques based on galaxy tracers have been developed, includ-
ing mass-richness relations, optical probability distribution func-
tions (OPDF; Li et al. 2021), intra-cluster light (ICL; Contreras-
Santos et al. 2024), and machine-learning methods (de Andres
et al. 2024), which offer complementary approaches to estimat-
ing cluster masses from optical data.

X-ray observations often suffer from biases due to nonther-
mal pressure sources such as gas accretion, AGN feedback, sub-
structures, turbulence, and cosmic rays, leading to mass under-
estimations of 10-30% (Rasia et al. 2012; Nelson et al. 2014).
Weak lensing is affected by the presence of interlopers and pro-
jection effects, due to the triaxial shape of dark matter halos,
which can lead to overestimated masses by up to 40% (Corless
et al. 2009; Becker & Kravtsov 2011; Feroz & Hobson 2012).
For completeness, it is worth noting that other mass proxies, such
as the integrated SZ signal, can also suffer from limitations, par-
ticularly in the cluster outskirts where the signal-to-background
ratio becomes low, making SZ-based mass estimates less reliable
(Yoon et al. 2022).
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The caustic method provides a dynamical way to estimate
cluster masses from the galaxy velocity field by identifying the
escape velocity profile in projected phase space. The caustic
technique, based on galaxy redshift data, offers an alternative
by mapping the positions and velocities of cluster members,
revealing a characteristic “trumpet-shaped” profile that traces
the mass distribution without assuming equilibrium (Diaferio
& Geller 1997; Diaferio 1999; Serra et al. 2010; Gifford et al.
2013). However, the method depends on a calibration factor,
Fg(r), which encodes the line-of-sight (LoS) projection of the
velocity anisotropy profile S(r). Adopting a constant or a single
average anisotropy for all clusters can introduce systematic bi-
ases: simulation studies and empirical tests report overestimates
of the enclosed mass in the inner regions of order tens of percent
(commonly ~ 30-70% at small radii in some tests) and a typi-
cal per-cluster scatter of ~ 30-50% depending on spectroscopic
sampling and projection effects (Diaferio 1999; Serra et al. 2010;
Munari et al. 2013; Pizzardo et al. 2023). The bias decreases for
well-sampled clusters; namely, with Ng,; 2 150 the average bias
can be < 5%, whereas for sparse samples (tens of members),
both the bias and scatter rise sharply (Gifford et al. 2013) . To
mitigate the bias introduced by adopting a constant anisotropy
profile, previous works have calibrated an average Fg(r) from
numerical simulations (Serra et al. 2010; Gifford et al. 2013).
Even after this calibration, an additional uncertainty on the order
of a few tens of percent must be included to account for residual
anisotropy assumptions and projection effects.

Comparative studies have revealed discrepancies between
methods. Maughan et al. (2016) found that X-ray masses were
20% higher than caustic masses, potentially due to assumptions
about the caustic filling factor (Diaferio 1999; Serra et al. 2010;
Gifford et al. 2013). Foéx et al. (2017) studied 10 galaxy clus-
ters and found that Jeans, caustic, and virial mass estimates to be
20%, 30%, and 50% higher than X-ray masses, respectively, with
differences diminishing when accounted for substructures. Weak
lensing provides direct mass estimates that do not rely on dynam-
ical or hydrostatic equilibrium, making it a critical benchmark
for calibrating other techniques. Systematic differences of order
~10-30% have been reported between weak-lensing and X-ray
or dynamical mass estimates, particularly at the cluster outskirts;
that is, beyond the virial radius where equilibrium assumptions
break down (Hoekstra 2003; Hoekstra et al. 2011; Umetsu et al.
2011; Umetsu 2013; Umetsu et al. 2020). Weak lensing and the
caustic technique offer complementary approaches for studying
cluster outskirts, with an agreement ranging ~20-30% (Diaferio
et al. 2005; Geller et al. 2013).

Large spectroscopic surveys, such as Cluster Infall Regions
in the Sloan Digital Sky Survey (CIRS) and Hectospec Cluster
Survey (HeCS), have characterized the mass profiles of ~130
galaxy clusters (Rines & Diaferio 2006; Rines et al. 2013).
Pizzardo et al. (2021) using the caustic method. Upcoming
wide-field surveys with new spectroscopic instruments (Dalton
et al. 2012; Tamura et al. 2016; McClintock et al. 2019) and
multiwavelength facilities will provide cluster samples selected
through scaling relations (e.g., SZ, X-ray luminosity). However,
they will require calibrations of systematic effects using refined
mass measurements from weak lensing and caustics to achieve
robust cosmological constraints.

Cosmological simulations play a crucial role in understand-
ing the formation and evolution of galaxy clusters. Obtaining
representative galaxy clusters in hydrodynamical simulations is
challenging because within typical cosmological volumes, the
number of massive clusters is small. Therefore, dedicated zoom-
in simulations are often performed, selecting halos from dark-
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matter-only runs and resimulating the cluster regions with higher
resolution and baryonic physics (e.g., TNG Cluster, THE THREE
HunbpRrED project, henceforth, The300; Nelson et al. 2024; Cui
et al. 2018). Current simulations enable studies of galaxy clus-
ters under controlled conditions, making it possible to carry out
an assessment of biases in mass determination introduced by ob-
servational limitations, such as the number of galaxies available,
sample selection, or spectroscopic measurement errors (Diafe-
rio 1999; Serra et al. 2010; Gifford et al. 2013; de Andres et al.
2022; Gianfagna et al. 2022; Gianfagna et al. 2023; Ferragamo
et al. 2023; Igbal et al. 2025).

In this paper, we use the numerical simulations of The300
to present a systematic study of the accuracy of galaxy clus-
ter density profiles recovered with the caustic technique. While
similar analyses have been performed in the past, our work pro-
vides a more detailed assessment of the impact of sample se-
lection, explicitly accounting for the observational constraints
of the CATARSIS survey and enabling direct comparisons with
other spectroscopic surveys. The galaxy population has been re-
solved down to stellar mass of M, = 108M, in the simula-
tions, which is sufficient to study the expected performance of
mass estimators; future surveys will probe galaxies of even lower
masses. In Sects. 2 and 3, we describe the main characteristics of
the CATARSIS survey and THE300simulations. Sections 4 and
4.2 summarize the caustic method and the modifications intro-
duced in this work, while Sect. 5 applies this method to the ex-
pected data that will be collected by CATARSIS. Section 6 sum-
marizes the prospects for other ongoing and future spectroscopic
surveys focused on galaxy clusters. Finally, we summarize our
findings in Sect. 7. Throughout the paper, we use the Planck cos-
mological parameters (Planck Collaboration et al. 2016), with
Q.0 = 0.3089, Qpo = 0.6911, and Hy = 67.74 km s~ Mpc~!.

2. CATARSIS

The Calar Alto Tetra-Armed Super-IFU Spectrograph Survey
(CATARSIS; Gil de Paz et al. 2024) new legacy program will
carried out with the 3.5-m telescope at the Calar Alto Obser-
vatory (Spain), using the dedicated TARSIS instrument. This
integral-field spectrograph (IFS) has a 2.8 x 2.8 arcmin® field
of view (FoV) and 2 arcsec spatial resolution, consisting of
four spectrographs that collectively cover the wavelength range
320-810 nm. CATARSIS is designed as a blind spectroscopic
survey of galaxy clusters in the redshift range 0.14 < z < 0.27,
sampling systems with a broad range of masses and dynami-
cal states. The planned deep exposures will provide an unprece-
dented number of spectroscopic members, yielding ~500—-1000
redshifts for clusters of mass (5-10) x 10'M,, at the targeted
redshifts. With CATARSIS, we can observe galaxies down to a
limiting magnitude of m, i, ~ 21 mag, without any photomet-
ric preselection, as the survey is carried out using blind wide-
field IFS observations. This approach also enables the recovery
of redshifts for dust-reddened cluster members, which are often
misclassified as background galaxies in photometrically selected
samples. The use of an IFS will therefore significantly reduce
the biases introduced by other surveys that rely on the brightest
galaxies to confirm cluster membership and are affected by fiber
collisions or slit-placement constraints.

CATARSIS aims to deliver major contributions to our un-
derstanding of galaxy evolution in dynamically evolving envi-
ronments. Its scientific goals include probing the nature of dark
matter and dark energy, testing cosmological models, and inves-
tigating the role of the environment in shaping galaxy properties.
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3. The300

Tue300 project ! (Cui et al. 2018) consists of cluster-scale zoom
simulations based on a comprehensive sample of the 324 most
massive dark matter halos (M., = 8x10'* h~! M) selected from
the MultiDark simulation (MDPL2; Klypin et al. 2016). MDPL2
assumes cosmological parameters from Planck (Planck Collab-
oration et al. 2016) and has a periodic cube of comoving length
1 h~'Gpe.

For each cluster halo, a cubic region of 154~ Mpc comov-
ing size was resimulated at higher resolution using different
galaxy formation approaches, including hydrodynamical codes
with varying sub-grid physics prescriptions, GADGET-MUSIC
(Sembolini et al. 2013), GADGET-X (Rasia et al. 2015; Beck
et al. 2016), and (more recently) GIZMO-SmmBa (Cui et al. 2022),
as well as semi-analytical models (SAMs). The high-resolution
regions were sampled at the mass resolution of the original
MDPL2 simulations, using the GINNUNGAGAP code?, while
the mass of the gas particles is Mg, = 2.36 X 103 ~'M,,. The
surrounding regions are represented with progressively lower-
resolution particles, allowing the large-scale tidal field to be re-
tained at lower computational cost.

Among its many interesting contributions, THE300 has made
significant efforts in obtaining accurate mass estimates and quan-
tifying hydrostatic-equilibrium biases (Ansarifard et al. 2020; Li
et al. 2021, 2022; Gianfagna et al. 2022). The collaboration also
investigates various aspects of galaxy clusters, including their
relationships with connecting filaments (Kuchner et al. 2021;
Rost & et al. 2021), cluster feeding (Kotecha et al. 2022; Kuch-
ner et al. 2021), backsplash galaxies (Haggar et al. 2020; Knebe
et al. 2020), and the virial shock radius (Anbajagane et al. 2022;
Baxter et al. 2021). Other hydrodynamic simulations further al-
low detailed studies of cluster properties such as density pro-
files (Mostoghiu et al. 2019; Li et al. 2020), substructure, baryon
content (Arthur et al. 2019; Haggar et al. 2021; Mostoghiu et al.
2021), dynamics, morphologies (Capalbo et al. 2021; De Luca
et al. 2021; Zhang et al. 2022; Capalbo et al. 2025), and ICM
thermalization (Sayers et al. 2021; Sereno et al. 2021). Addi-
tional research addresses the effects of mergers on the proper-
ties of brightest cluster galaxies (BCGs; Contreras-Santos et al.
2022) and the effect of environment on galaxy properties (Wang
et al. 2018). The project further explores self-interacting dark
matter and chameleon gravity, with continuous updates ensuring
the robustness and breadth of the simulations.

We based our analysis on the run using the hydrodynamical
code GIZMO-SmBA. Our choice is primarily motivated by two
considerations. First, the presence of baryons affects the mass
profiles and the mass—concentration relation of halos, which are
directly relevant for our analysis. Second, the GIZMO-SiMBA run
provides galaxy colors and luminosities that are in better agree-
ment with observations for the calibration adopted in THE300
(Cui et al. 2022) Since an important part of our analysis is
focussed on evaluating systematic effects arising from magni-
tude limits and colour-based selection biases, this run is par-
ticularly well suited to the purposes of this work. We empha-
size, however, that this choice is tailored to the specific goals of
this study. Other runs within THE300 (either hydrodynamical or

' https://www.nottingham.ac.uk/astronomy/The300/index.
php

2 GINNUNGAGAP generates initial conditions for zoom-in simula-
tions by identifying the Lagrangian region of a halo and sampling it at
the desired mass resolution while embedding it in the larger-scale vol-
ume. More information is available at: https://ginnungagapgroup.
github.io/ginnungagap/

semi-analytic) might be more appropriate for different scientific
objectives. The run was performed with the GIZMO code (?)
and the sub-grid galaxy formation models from the SivBA sim-
ulation (Davé et al. 2019), which include radiative cooling, star
formation, and its associated feedback mechanisms, as well as
the formation and growth of supermassive black holes. It also
incorporates multiple modes of black-hole feedback, which are
essential for accurately representing the impact of these massive
objects on their host galaxies and the surrounding environment.
The parameters of the SimBa models have been recalibrated for
the Tue300 runs as described in Cui et al. (2022) due to the lower
numerical resolution of the runs compared to the original SiMBa
one. Figure 1 shows a 2D projection of two clusters, highlight-
ing the distribution of dark matter and baryonic components at
z=0.276.

4. The caustic technique

The caustic technique, as described by Diaferio & Geller (1997),
Diaferio (1999), Serra et al. (2010), and Serra & Diaferio (2013),
infers the mass profile of a galaxy cluster from the “trumpet-
shaped” envelope (i.e., caustics) traced by member galaxies in
projected phase space, r, Ve 1os(r). The caustic amplitude, A(r),
approximates the escape velocity at each radius, vgsc,los(r), which
allows one to infer the enclosed mass under the hypothesis of
spherical symmetry,

GM(< r) — GM(rp) = f AP (x) Fp(x) dx. (1)
o
The function ¥ is related to the gravitational potential and
the anisotropy profile 8 = 1 — <V§ + V3)> /2 <vf> (Diaferio &
Geller 1997; Serra et al. 2010). This is expressed as

_ p(rr?
Tis = ~2Gmg(Br) o @)
_ 3-28(r)
gPB(r) = 1——ﬁ(r) 3)

The projected ves(r) surface is traced by applying kernel
density estimation (KDE) techniques to the distribution of dy-
namical tracers in the r—v phase space. These tracers are subject
to measurement uncertainties in terms of both the position and
velocity in observational data. In this study, we considered spec-
troscopic errors of ~ 10 km s~! (equivalent to 0.12 2~ Mpc in
normalized coordinates) and astrometric uncertainties of 0.006
h~! Mpc, which are the values expected in the CATARSIS sur-
vey. Following Gifford et al. (2013), we adopted a fixed multidi-
mensional Gaussian kernel for the KDE implementation, with
the bandwidths along r and v directions determined indepen-
dently from the data sampling (see Silverman 1986). This is ex-
pressed as

1/5
K(rv) = (i) . @

3N

where N is the number of dynamical tracers in the total phase-
space and o, is the dispersion along the radial or velocity di-
mensions. This adaptive kernel ensures that regions with few
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Fig. 1. 2D projection of the NewMDCLUSTER_0002 and NewMDCLUSTER_0006 clusters onto the XY plane at snapshot 117 (z =
0.276). The figure shows the spatial distribution of dark matter and baryonic particles within each cluster. The stellar component
is shown in pink, the gas component in purple, and the dark matter particles in green. The simulations were performed using the
GIZMO-Simba code, a hybrid hydrodynamic and N-body solver designed for cosmological simulations. The clusters are centered
in the simulation box for reference. The red dashed line indicates the virial radius (Ry;;) of each cluster.

tracers are smoothed more heavily, while densely sampled re-
gions are smoothed less, maintaining a balanced representation
of the phase-space density.

The ratio between the sizes of the smoothing windows in po-
sition and velocity, ¢, balances the relative contribution of these
parameters in the identification of the caustic (Diaferio & Geller
1997; Geller et al. 1999) and needs to be adjusted to the ob-
servational errors. We used the expected errors in velocity and
position for the CATARSIS survey and adopted g = 21. Previ-
ous studies (see, e.g. Geller et al. 1999; Rines et al. 2000, 2002)
have shown that the derived cluster mass profile is relatively in-
sensitive to the exact choice of ¢, as long as it remains within a
reasonable range. In Sect. 4.1, we discuss the impact of these pa-
rameters in the determination of the caustic. Next, a physically
motivated constraint was applied to the escape velocity profile,
Vesc (). According to Diaferio (1999), any realistic galaxy cluster
model must satisfy

dlnveg
dlnr ~— 7

&)

where £ limits how steeply the escape velocity can change with
radius. The rationale is that very steep gradients in veg(r) would
be unphysical, corresponding to unrealistic mass distributions. If
an iso-density contour violates this constraint along its surface,
the corresponding ves.(7) value is replaced with a corrected one.

In practice, following Serra et al. (2010), we adopted a looser
limit of = 2, rather than the more conservative { = 1/4 sug-
gested by Diaferio (1999). This choice allows for greater flexibil-
ity in identifying the caustics in realistic cluster data, accounting
for observational noise and sampling effects, while still ensur-
ing that the inferred escape velocity profiles remain physically
plausible.

To derive cluster mass profiles with the caustic method, an
accurate determination of the cluster center is required. In nu-
merical simulations, the center of a halo is often defined as
the minimum of the gravitational potential. However, alternative
definitions are also used. For instance, some studies adopt the
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position of the most bound particle, which might be slightly off-
set from the potential minimum, while halo finders such as AHF
3 (Knollmann & Knebe 2009) identify the center as the peak of
an adaptively smoothed density field (see, e.g., Cui et al. 2016).
However, as our aim here is to assess biases relevant to forthcom-
ing observations, we estimated the center using a KDE approach,
which infers the projected surface density from the discrete po-
sitions of observed galaxies. The cluster center is defined as the
location of the global maximum (mode) of the resulting density
field. When using only the coordinates, it is assumed that the
number of halos (and not their mass) can trace the density field
of the cluster. To check the influence of this assumption in the de-
termination of the center, we applied a method using a weighting
with the luminosity of galaxies as a proxy for the mass. Figure 2
shows an example of the position of the center determined with
the different methods.

The figure also displays the projected density map of a clus-
ter obtained with both KDE implementations. In the luminosity-
weighted case, brighter galaxies have a stronger influence on
the density estimate, leading to a more concentrated distribution.
However, the inferred cluster centers in both cases differ by less
than 2% for the whole sample. The centers obtained with this
method deviate only slightly from the position of the most bound
particle. Across the full cluster sample, the median offset is 7%
for the standard KDE and 5% for the luminosity-weighted KDE,
with corresponding 84"-percentile values of 17% and 14%, re-
spectively. This error in the center position has a negligible effect
on the determination of the caustics (see Serra et al. 2010).

We note that the results might depend on the choice of the
LoS due to the nonspherical nature of galaxy clusters. In this
work, we adopt a single LoS (i.e., along the simulation box Z-
axis) to provide an assessment of the performance of the caustic
method in The300 simulations from a representative set of ob-
servational data. A more detailed analysis, including projection
effects along different sightlines, substructure, rotation, has been

3 http://popia.ft.uam.es/AHF
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Fig. 2. Projected maps obtained with the KDE method for the
cluster NewMDCLUSTER_0013 at redshift z=0.276. In the top
panel only the positions of the galaxies have been used, while
the bottom panel shows the results of weighting the positions
with galaxy luminosities. The contours represent isodensity lev-
els, with higher density regions indicated by the innermost lines.
The star marks the center obtained from the KDE method, while
the black cross indicates the bound more particle (BMP) center,
identifying the most gravitationally bound region of the cluster,
and the red cross shows the BCG center. The white dots corre-
spond to galaxies in the cluster.

left for future work, where we will aim to improve the caustic
method beyond spherical assumptions.

The projected positions were used to build the surface den-
sity maps, while the LoS velocity component, including the Hub-
ble flow, was adopted to construct the redshift-space phase-space
diagram. This setup provides a consistent and observationally
motivated representation of each simulated cluster, serving as
the basis for the application of the caustic technique. In this

work, we use the galaxy catalogs provided by Caesar*, which
include all galaxies identified within each cluster halo, without
applying an additional membership selection. We note that in
contrast to the simulations, the identification of true members in
observations is considerably more uncertain. The impact of ob-
servational selection effects and FoV limitations is discussed in
Sects. 5 and 6.

4.1. Impact of smoothing kernel size

Although some studies have reported that the choice of smooth-
ing kernel only has a slight impact on the determination of den-
sity profiles (see, e.g., Rines et al. 2002), we find that this effect
varies from cluster to cluster and, in a significant fraction of our
sample, it exerts a non-negligible influence on the caustic deter-
mination. The smoothing is typically parameterized by the scale
of the position kernel s and by the ratio between the velocity and
position kernels g. Although the typical positional uncertainties
are ~ 0.02 h~! Mpc, s can be converted to km s~! using the
Hubble constant, so that it can be directly compared with the ve-
locity kernel when computing ¢ = h,/h,. Here, we investigate
whether an optimal combination of these parameters exists that
minimizes the errors in mass determination and whether suitable
values can be inferred for individual clusters based on their ob-
served properties.

We first explored the distribution of derived masses for dif-
ferent combinations of s and g, with s ranging from 0.01 to 0.1
in increments of 0.01 and ¢ from 5 to 50 in increments of 5. Fig-
ure 3 shows, for one representative cluster, a two-parameter map
of the masses within rpoy and rso9. As illustrated, several param-
eter combinations yield local minima, corresponding to better
mass estimated, but these do not converge toward a well-defined
region in parameter space. Moreover, the optimal combinations
are not always consistent between the two mass estimated.

To quantify the impact of these parameters, we compared
the mean mass values obtained over the full grid of (g, s) com-
binations with those derived from the optimal pair (i.e., the one
yielding the smallest difference with respect to the true mass).
Figure 4 illustrates these comparisons. The deviation between
the mean and optimal values provides an empirical measure of
the robustness of the mass determination with respect to the ker-
nel parameters: a small deviation indicates that the result is sta-
ble across the explored parameter space, while larger deviations
reveal a stronger dependence on the particular parameter choice.
The 20% threshold shown as the shaded region in Fig. 4 was
adopted as a practical criterion to distinguish between robust and
parameter-sensitive cases. This value roughly represents the typ-
ical variation observed across the cluster sample and serves as
a convenient reference for identifying outliers whose mass esti-
mates are particularly sensitive to the adopted parameters.

Figure 5 summarizes this analysis for all clusters in the sam-
ple. For each cluster, we identified the combination of (g, s) that
minimizes the difference between the recovered and true mass,
and the corresponding best-fitting values. Although regions of
parameter space around this minimum can yield similarly good
fits, we report the single best-fitting pair for clarity and con-
sistency across the sample. In general, smaller angular-distance
kernel sizes yield better results when combined with a redshift
kernel that is either five or fifty times larger, depending on the
cluster. However, the behavior varies significantly from cluster
to cluster and no clear trend could be established.

4 https://caesar.readthedocs.io/en/latest/
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Finally, we examined the possible relationships between the
best (g, s) combinations and other cluster properties, such as
mass and richness. Figures 6a and 6b show that the optimal
smoothing kernels do not correlate with these parameters. Al-
though the KDE distributions show a global minimum at lower
values of q and s, several local minima are also present, cor-
responding to different parameter combinations. The optimal
values therefore vary across clusters. We were able to further
quantify this by computing the correlation coefficients between
the best-fit parameters (q, s) and cluster properties (mass and
richness), finding no significant correlations (o0 < 0.3). Con-
sequently, the current analysis does not allow us to identify a
unique pair of (g, s) values that performs optimally for all galaxy
clusters.

4.2. Impact of the anisotropy profile: An iterative method to
improve the caustic determination

The velocity anisotropy profile, 5(r), plays a crucial role in the
determination of the caustic amplitude (see Eq. 3), as it governs
the relation between the observed LoS velocity distribution and
the underlying escape velocity profile. Previous studies have of-
ten adopted simplified prescriptions, either assuming a constant
anisotropy (e.g., Diaferio 1999; Gifford et al. 2013) or impos-
ing a fixed radial dependence motivated by theoretical models or
by averaging 3(r) over halo samples from numerical simulations
(e.g., Mamon & Lokas 2005).

All these approaches present important limitations. A con-
stant anisotropy neglects the expected radial variation of galaxy
orbits, while adopting a fixed functional form may introduce sys-
tematic biases if it does not accurately represent the dynamical
structure of the specific cluster under study. To address these
limitations, we adopted an iterative approach to estimate clus-
ter masses. We began by assuming a constant anisotropy and
applying the caustic method to derive the mass and density pro-
files. The concentration parameter was then obtained by fitting a
Navarro-Frenk-White (NFW) profile to the inferred density dis-
tribution.

Using these initial results, we recomputed the caustic pro-
file adopting two radially varying anisotropy models: (i) a data-
driven profile derived directly from the definition of S(r) and (ii)
the analytical prescription proposed by Mamon & L.okas (2005).
The empirical B(r) profile was constructed by dividing the galax-
ies into logarithmically spaced radial bins from the cluster cen-
ter, considering all bound galaxies within Ry,,x, and computing
the ratio between the tangential and radial velocity dispersions
in each bin (see Fig. 7).

We find that both anisotropy profiles provide a good descrip-
tion up to Ryoo. Beyond this radius, the theoretical profile shows
a decrease that coincides with the transition between the virial-
ized region and the surrounding infall zone, where galaxy orbits
become increasingly radial. In this outer region, the number of
tracer galaxies per radial bin is smaller, which increases the sta-
tistical uncertainty of 8 but does not systematically bias its value.
At larger radii, the profile rises again as the number of sources
increases and the infall motion becomes more dominant. Fig-
ures 8 and 9 show the resulting Rypo . and Mg values obtained
with the iterative caustic method.

As can be seen, the results obtained when applying the itera-
tive method better reproduce the true values. For the full sample
of 324 clusters, the noniterative approach systematically overes-
timates the recovered masses. Using a constant Fg = 0.65, we
obtain a median ratio M»pg/Mapo e = 1.16, corresponding to
a bias of +16% with a scatter of 0.23. When adopting the fit-
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ted Fg profile (¢ = 5), the median ratio decreases to 1.12, with
a bias of +12% and a scatter of 0.22. In contrast, the iterative
method significantly reduces both the bias and the scatter. Us-
ing the fitted F profile, we obtain Msyoc/M2oo e = 0.94, with
a bias of —6% and a scatter of 0.18. Using the Mamon & L.okas
anisotropy model, the recovered ratio is 0.93, with a bias of —7%
and a scatter of 0.2. This improvement is particularly relevant
for the least massive systems, where the noniterative method can
overestimate the masses by factors of ~ 1.5-2. The following
results are based on the iterative method employed together with
our anisotropy profile.

5. Bias in the mass determination due to sample se-
lection

In observational studies of galaxy clusters, the selection of galax-
ies used to trace the gravitational potential can introduce biases
in the mass determination. These biases arise from various fac-
tors, including the preferential use of red sequence (RS) galax-
ies, magnitude-limited samples, and line-flux cuts, which can
systematically over- or under-estimate cluster masses. In this
section we investigate how different selection criteria affect the
mass estimates obtained with the caustic method. Specifically,
we sought to examine: (i) the impact of restricting the analy-
sis to RS galaxies and (ii) the effects of observational limits in
apparent magnitude and He flux, which influence the detectabil-
ity of galaxies with different star formation rates. Our goal is to
quantify these biases and to assess how the planned CATARSIS
survey, with its deep, unbiased spectroscopic observations, will
mitigate them.

5.1. Red sequence

In spectroscopic surveys of galaxy clusters, it is common prac-
tice to prioritize galaxies lying on the RS. Selecting this pop-
ulation, clearly identifiable as a tight locus in color-magnitude
space, helps to reduce contamination from foreground and back-
ground objects, improves the efficiency of spectroscopic tar-
get selection. However, focusing solely in these galaxies, this
method can introduce a bias that typically leads to an underes-
timation of the true cluster mass as these objects are abundant
near the dense cluster central regions’. To quantify this effect,
we isolated RS galaxies as those located within a +5% interval
of our best-fitting RS in the m, — m, versus m, color-magnitude
diagram. Besides objects in the blue cloud and the green val-
ley, this strategy also eliminates galaxies that appear above the
RS because of dust-reddened star formation. Once the RS has
been defined, we can calculate the cluster mass using the caus-
tic method. As shown in Fig. 10, the masses derived from this
approach are consistently lower than the actual values, and we
achieve more accurate results when the method is applied with-
out preselecting RS galaxies.

5.2. Ha flux and magnitude limits

This subsection investigates the impact of sample selection;
specifically, the magnitude and He flux limits on the determina-
tion of cluster masses using the caustic method. The He fluxes
were derived from the star formation rates (SFRs) using the stan-
dard conversion of Kennicutt (1998).

5> The higher relative abundance of luminous RS galaxies in the center
of the clusters is a direct consequence of the well-known morphology-
density relation first found by Dressler (1980).
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Fig. 5. Distribution of the best-fit parameters in the g—s plane
for the cluster sample. Blue circles and orange triangles repre-
sent the values obtained using the My and M5 criteria, re-
spectively. The shaded background and overlaid contours show
the two-dimensional KDE of the parameter distribution, with
the color scale indicating the local density across the parame-
ter space. The Pearson correlation coefficients between ¢ and s
for each mass definition are showed in the inset.

resented in the selected sample, although some incompleteness
persists due to the imposed observational thresholds.

Regarding our observations cuts in line-flux and apparent
(continuum) magnitude, we chose log(fxq 1im[erg s~ ecm™?]) be-
tween —16.5 and —15.5 and m,.ji, from 22 to 20.5 mag. Figure 12
shows the results of Mygg that we have obtained for the whole
set of THe300 clusters. As we cut in apparent magnitude, the
average value shifts to higher values, resulting in an overestima-
tion of the actual cluster masses. As for the cuts in flux, as we
exclude galaxies with progressively fainter He flux, we obtain
greater dispersion compared to the real (true) mass values.
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Fig. 6. Same as Fig. 5 but dividing the clusters into: clusters
with Mg larger (triangles) and lower (circles) than 10'*Mgh™!
(panel a); and clusters with more (green) and fewer (blue) than
300 members (panel b). This division allows us to investigate
how the distributions of the best—fit values vary as a function of
the total mass and the cluster richness.

6. Comparison with other surveys

In this section, we evaluate the expected biases in the determi-
nation of the caustic masses with other ongoing and upcoming
spectroscopic surveys of galaxy clusters. The analysis highlights
the differences in redshift range, spectroscopic depth, sampling
strategy, and spatial coverage, which ultimately determine the
feasibility of dynamical mass measurements based on galaxy
redshifts.

6.1. WEAVE cosmological clusters survey

The WEAVE cluster survey (Jin et al. 2024) will soon target ap-
proximately 70 SZ-selected clusters at z < 0.5, using both its
LIFU (for z > 0.25) and MOS (for z < 0.25) configurations with
the low-resolution setup (R ~ 5000). The MOS mode covers a
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Fig. 7. Anisotropy profile derived from the theoretical defini-
tion of the anisotropy parameter 5() for the whole sample (blue
line). The thick line shows the median profile across all clusters,
while the shaded areas represent the 16th and 84th percentiles,
respectively. The red line corresponds to the anisotropy profile
from (Mamon & Lokas 2005) with a concentration parameter
fixed to ¢ = 5. In future work, we will explore the differences
arising when clusters exhibit rotational effects, which can cause
the two definitions of B(r) to diverge. In this work, we compute
B(r) using the radial and tangential velocity dispersions (o, and
o) in each radial bin, instead of the ideal definition based on the
mean squared velocities. This approach is appropriate for clus-
ters without significant rotational support, where both definitions
coincide.

wide 2° diameter FoV that is ideal for low redshift (correspond-
ing to ~ 3.9 kpc /arcsec at z = 0.25), while the LIFU mode
provides a significantly smaller coverage of 90” x 78" (~ 6.2
kpc /arcsec at z = 0.5). The limiting magnitude is not explicitly
provided, but values of r ~ 20.5-21 at z = 0.25 are a reasonable
assumption. The large FoV in physical units at z < 0.25 en-
sures adequate sampling for dynamical analyses, while at higher
redshift the limited LIFU coverage restricts observations to the
cluster core, preventing the application of the caustic method.

6.2. Hectospec Cluster Survey (HeCS) and HeCS-SZ

The Hectospec Cluster Survey (Rines et al. 2016) includes 58
X-ray selected clusters at 0.1 < z < 0.3, while its SZ extension
(HeCS-SZ) targets 21 systems at 0.05 < z < 0.20. The survey
employs a 1° diameter FoV, corresponding to radial scales from
~ 1 Mpc at z = 0.05 to ~ 4.5 Mpc at z = 0.3. The magnitude
limit is r = 20.8, with typical sampling of ~ 300 galaxies per
cluster and velocity uncertainties around 50 kms™'.

The combination of depth, wide FoV, and high spectroscopic
completeness of HeCS makes it one of the most suitable surveys
for the caustic method. This was demonstrated by Rines et al.
(2013), who obtained mass profiles out to large radii for 58 X-ray
selected clusters; HeCS masses have since been widely used as a
reference for cluster mass calibrations and studies of mass accre-
tion (e.g., Pizzardo et al. (2021); Maughan et al. (2016); Andreon
(2016).
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Fig. 8. Ratio between the derived and true Ry values. Top
panels: Noniterative approach, comparing a constant F profile
(blue) and a Mamon & Lokas anisotropy model with fixed con-
centration ¢ = 5 (purple). Bottom panels: Results obtained us-
ing the iterative method, comparing a Mamon & Lokas profile
(green) and a fitted Fg model (purple). In all panels, bold lines
indicate the median values, while shaded regions correspond to
the 16" and 84" percentiles. For the noniterative approach, we
obtain a median ratio of 1.06f8:8§, indicating a systematic over-
estimation. In contrast, the iterative method yields a median ratio

0.06
of 1.00*9.%¢.

6.3. 4MOST galaxy cluster surveys: CHANCES and

eROSITA follow-up

The CHANCES Evolution program (Sifén et al. 2025) targets
~ 50 massive clusters in the range 0.07 < z < 0.45, selected
above My > 7 x 10'* M,,. The spectroscopic coverage extends
out to 5 X rygp, ensuring radial completeness well into the cluster
outskirts. The limiting magnitude is » < 20.5, providing suffi-
cient sampling depth for member identification. The combina-
tion of large radial coverage, depth, and focus on massive sys-
tems makes CHANCES highly suitable for caustic-based anal-
yses, with the potential to complement and extend results from
HeCS to higher redshift.

The eROSITA Galaxy Cluster Survey (Finoguenov et al.
2019) will provide redshifts for systems up to z < 0.7, target-
ing galaxies with K < 18 (roughly » = 19). Current estimates
indicate magnitude limits of zpgcam < 21.5 for cluster members
and rpgcam < 18.5 for the filament survey (with no color cut).
Given the low number of spectroscopic members per cluster, the
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é‘ ‘
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~
S
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M0, true [1014M o h™1]

2.0

Fig. 9. Comparison of the ratio between the caustic mass esti-
mate and the profile mass, Mago.c /M200.true» s @ function of Mg,
for two different approaches. Top panel: F3(r) fitting with fixed
parameters ¥ = 0.65 (blue) and concentration ¢ = 5 (purple).
Bottom panel: #(r) fitting with free parameters (purple) com-
pared to the Mamon & Lokas method (green). In both panels,
points show individual measurements, solid lines represent the
median ratio in logarithmic mass bins, and shaded regions indi-
cate the 16th to 84th percentile range. The gray dashed horizon-
tal line marks the unity ratio, Mago.c = Moo true-

full caustic methodology will only be applicable to a subset of
clusters, requiring stacking of multiple systems to obtain reliable
dynamical measurements.

6.4. Comparison of cluster surveys for caustic mass recon-
struction

From this comparison, we conclude that HeCS/HeCS-SZ and
CHANCES offer the most favorable conditions for apply-
ing the caustic method given their wide spatial coverage and
high spectroscopic completeness. The results obtained from the
CHANCES and HeCS surveys are consistent with the findings
reported in Sect. 5.2 (see Fig. 12). WEAVE provides sufficient
sampling only for low-redshift systems (z < 0.25 in MOS mode),
while its higher-redshift LIFU configuration is limited to the
cluster core, making caustic mass reconstruction unfeasible. In
contrast, the eROSITA Galaxy Cluster Redshift Survey, despite
its cosmological reach, does not provide the necessary sampling
per cluster and therefore does not constitute a practical dataset
for caustic analyses. Finally, CATARSIS, given its ability to
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sample (red). Shaded areas indicate the 16th to 84th percentiles
of the distributions; dashed lines show the median values, and the
black line marks the reference value of zero. For the full sample,
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Fig. 11. Magnitude and Ha flux distributions for the cluster
NewMDCLUSTER_0001 at snapshot 117 (z = 0.276). Galaxies are
colored according to three star formation rate (SFR) bins: low
(blue), medium (orange), and high (green), illustrating how star
formation activity correlates with both r-band magnitude and Ha
flux. The shaded regions indicate the magnitude and Ha flux cuts
adopted for the analysis, with the magnitude selection performed
in the r-band.

reach galaxies down to m,~21, will enable the study of fainter
cluster members, offering a depth comparable to other surveys
based on preimaging, while adding galaxies selected by line
emission down to 10g(frq 1imlerg s™'em™2])=—-16.5 . Therefore,
it has been established as a promising option for applying the
caustic method with minimal mass bias and cluster-by-cluster
dispersion.

7. Conclusions

In this work, we assess the reliability of the caustic technique
for recovering galaxy cluster mass profiles, using THE300 simu-
lations as a preparation for the forthcoming CATARSIS survey.
Our study demonstrates that the standard method suffers from
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Fig. 12. Relative My, values obtained for different cuts in r-
band magnitude and Ha flux. The y-axis shows the values nor-
malized to the true cluster mass, while the x-axis represents the
magnitude cuts. Colors indicate the He flux cuts in logarithmic
scale. A value of zero corresponds to perfect agreement between
the calculated and true cluster mass. Error bars indicate the16th
and 84th percentiles of the distribution across THE300 clusters.

systematic biases, but these can be significantly reduced through
a refined implementation.

We introduce an iterative approach that combines anisotropy
profile fitting with the caustic mass reconstruction, improving
the agreement with true cluster masses. We find that the method
exhibits a systematic trend with halo mass, with biases in the
low-mass regime reaching values of order 40%, depending on
the modelling assumptions. This behaviour is consistent with
previous studies of the caustic technique in both numerical and
observational contexts, which have shown that mass estimates
are generally unbiased, but often subject to significant scatter
driven by projection effects, limited phase-space sampling, and
uncertainties in the velocity anisotropy profile (Serra et al. 2010;
Gifford et al. 2013; Armitage et al. 2019; Pizzardo et al. 2023).
In particular, the iterative scheme reduces the systematic devia-
tion, leading to an overall improvement in the mass calibration
of order 20% when compared to the noniterative case. How-
ever, we note that the inferred masses remain sensitive to the
assumed velocity anisotropy profile, consistent with the well-
known mass—anisotropy degeneracy in caustic reconstructions.

The analysis further highlights the critical role of galaxy
sampling. Restricting measurements to RS galaxies consistently
underestimates cluster masses, while the blind integral-field
spectroscopy of CATARSIS ensures a more complete represen-
tation of the cluster population and eliminates this bias. The in-
fluence of magnitude and Ha flux limits was also investigated:
bright magnitude cuts tend to overestimate masses, whereas rel-
atively bright flux thresholds increase the scatter. The planned
depth of CATARSIS strikes a balance between these effects, pro-
viding both precision and statistical robustness.

When compared with other spectroscopic surveys, CATAR-
SIS emerges as uniquely powerful thanks to its combination of
depth and wide spatial coverage. It will deliver dynamical mass
profiles of comparable quality to those from benchmark surveys
such as HeCS, while also offering an essential complement to
weak-lensing studies. Overall, CATARSIS will provide a de-
cisive step forward in the precise calibration of galaxy cluster
masses, thereby enhancing the cosmological constraints that can
be derived from these structures.
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